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( Abstract > 


Retinal degenerative diseases include inherited pathologies such as retinitis pigmentosa, and multifactorial diseases such as age- 





related macular degeneration (AMD). AMD, a leading cause of blindness in the Western world, typically causes visual distortion 
and loss of central vision. In those affected, RP causes early-onset loss of night vision, followed by loss of peripheral vision and 
ultimately blindness. Due to the need for more effective treatments with the eventual goal of preventing blindness, researchers 
are investigating new potential targets and technologies to address these diseases. In a preclinical setting, various animal models 
are available for evaluation of investigational therapies, and investigational drugs and drug delivery methods have shown promise 
in both preclinical and subsequent clinical trials. Recent efforts include research into the role of inflammation in AMD and RP, 
and the use of anti-inflammatory drugs in preventing or even reversing retinal damage. The aim of this manuscript is to review 
past and current works on models for these diseases, the inflammatory processes associated with them, and potential targets for 
pharmacotherapy as they relate to these progressive retinal dystrophies. 
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Introduction To Progressive Retinal 


Dystrophies 

Age-related macular degeneration (AMD) is a progressive, 
multifactorial disease characterized by abnormalities in the 
retinal pigmented epithelium (RPE) and photoreceptors 
concentrated around the macula, causing cell death with a loss 
of central vision. AMD is the third leading cause of 
irreversible blindness globally, and the leading cause of 
irreversible blindness in the elderly and white Americans, 
contributing to a high burden of disability in aging 
populations [1,2]. Although aging is the leading risk factor 
for AMD, this neurodegenerative disease is also associated 
with pro-inflammatory states, alterations in circadian 
rhythms, excessive oxidative stress [3]. In fact, the single 
most crucial modifiable risk factor for AMD is smoking, a 
strong inducer of oxidative stress, which confers a two to 
three times greater risk to develop AMD compared to 
nonsmokers [4]. 

AMD can be categorized based on a few characteristic 
findings. Early or intermediate AMD (also called atrophic or 
“dry” AMD) is characterized by drusen, deposits rich in lipids 
and proteins that may be found between the retinal pigment 
epithelium and Bruch’s membrane [5]. By ophthalmoscopy, 
drusen appear as small, yellow deposits, which can be hard, 
soft, or calcific; the presence of soft drusen poses a higher risk 
for progression to advanced AMD and vision loss, especially 
if there is a high burden of large lesions [6]. Small hard 
drusen, on the other hand, are detectable as a normal sequalae 
of aging in almost all people over 50 years, and do not 
represent a significant risk of progression to advanced AMD 
[6]. Advanced AMD may refer to advanced dry AMD, 
characterized by geographic atrophy (GA), or it may refer to 
neovascular AMD (NVAMD or “wet” AMD) [5]. Non- 
neovascular and neovascular AMD are not mutually 
exclusive, and in 1-5 % of patients per year, dry AMD will 
progress to wet AMD [7]. Wet AMD is characterized by 
abnormal angiogenesis into the subretinal space, typically 
from the choroidal circulation, although the retinal circulation 
is sometimes involved [8]. These abnormal vessels can leak, 
causing rapid accumulation of subretinal blood and fluid [8]. 


While wet AMD only accounts for 10-15 % of AMD cases, it 


accounts for 80 % of patients who develop severe vision loss 





from the disease, with rapid-onset visual distortion and loss 
of central vision progressing over a course of days to weeks 
[6]. In contrast, dry AMD is characterized by gradual loss of 
central vision over the course of years. NVAMD can be 
further categorized based on patterns of choroidal 
neovascularization (CNV) visualized on _ fluorescein 
angiography; lesions may be classic, occult, or fibrotic, with 
classic lesions having a higher risk for rapid progression [9]. 
Retinitis pigmentosa (RP) is a group of heterogenous 
inherited retinal dystrophies (IRDs) caused by mutations, 
commonly in photoreceptor genes [10]. Nonsyndromic RP is 
associated with mutations in over 50 genes with variable 
inheritance patterns, including autosomal dominant, 
autosomal recessive, X-linked recessive, and mitochondrial 
[11]. One example of a gene product associated with both 
autosomal dominant and autosomal recessive RP is 
rhodopsin, a protein found in rod photoreceptors [11]. 
Rhodopsin mutations commonly cause protein misfolding 
and apoptosis, but mutations such as X349E and Q344X lead 
to mislocalization of both mutant and normal rhodopsin [12]. 
The defective trafficking and accumulation of rhodopsin in 
the inner segment, nucleus, and axons of rod photoreceptors 
is associated with widespread rod photoreceptor death and a 
more rapidly progressive clinical course of vision loss in RP 
[12]. 

While the retinopathies within this group are caused by 
various genetic defects, RP is typically characterized by 
peripheral patches of “bone-spicule” pigmentation due to the 
loss of photoreceptors, with rods being affected earlier than 
cones [10]. Clinically, these degenerative changes 
characteristically begin in adolescence and manifest as 
gradual loss of peripheral and night vision; by middle age, 
many patients retain only a few degrees of central vision, or 
may have progressed to complete blindness [11]. 
Inflammation, specifically proinflammatory pathways, is 
implicated in the pathogenesis of a wide array of retinal 
diseases including AMD [13] and RP [14]. These pathways 
include numerous cytokine-induced systems from those 
involving tumor necrosis factor alpha (TNFa) and nuclear 


factor-kappa B (NF-«B) activation to the Janus kinase/signal 
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transducer and activator of transcription (JAK/STAT) 
pathway, each exerting its own detrimental effects on the 
retina. The purpose of this manuscript is to review past and 
current works on models for these diseases, the inflammatory 
processes associated with them, and potential targets for 
pharmacotherapy as they relate to these progressive retinal 
dystrophies. 

Animal Models of AMD and RP 


As mentioned previously, inflammation is known to play a 
role in the pathophysiology of retinal degenerative diseases. 
Though rodents lack a macula, they still are able to develop 
AMD.-like phenotypes. Several rodent models aim to emulate 
inflammatory characteristics observed in human AMD. One 
example of such a model is seen in complement factor H 
knockout (Cfh”) mice. CFH usually prevents C3b from 
binding to complement factor B, decreasing the formation of 
C3 convertase. Dysregulation of this interaction in humans 
causes overactivation of C3, which can lead to widespread 
deposition. One manifestation of C3 overactivation is 
deposition in the kidneys, ultimately leading to 
membranoproliferative glomerulonephritis (MPGN) type IL. 
The C3 deposits can also accumulate beneath the RPE, 
manifesting as drusen similar to that seen in AMD [16]. 
Similarly, Cfh* mice developed MPGN and _ retinal 
complement deposition, increased retinal autofluorescence, 
and derangement of photoreceptor outer segments (POS). 
These mice also developed thinning of Bruch’s membrane 
(BrM), possibly due to a complement-driven increase in 
phagocytosis. The BrM thinning was an unexpected finding 
that is not characteristic of human AMD pathogenesis but 
may be a consequence of the opposing roles of complement 
in promoting both beneficial and damaging pathways in the 
host. For example, perhaps the uncontrolled C3 activation, 
while directly leading to increased complement deposition 
and structural subretinal damage, also leads to increased 
phagocytic clearance of subsequent debris [16]. 

In addition to the CFH knockout model, there is a transgenic 
mouse model with a CFH Y402H polymorphism. These mice 
express a chronic inflammatory phenotype due to 
dysregulated binding of CFH to sites of complement 


activation, including C-reactive protein (CRP) and heparan 


sulfate [16-17]. This polymorphism leads to mice with more 





drusen-like deposits compared to either wild-type or Cfh” 
mice. Additionally, the transgenic CFH Y402H mice had 
thickening of the BrM more consistent with the human model 
of AMD, and increased numbers of leukocytes in the 
subretinal space as well as increased deposits of complement 
in the basement membrane. Photoreceptor atrophy, while 
seen in Cfh” mice, was not observed in the CFH Y402H mice. 
This could be attributed to partially retained function of CFH 
in the transgenic mice, or it could be due to differences in age; 
the CFH Y402H mice were one year younger than the Cfh” 
mice when these degenerative changes were evaluated [15]. 
Mice transduced via an adenovirus vector to overexpress C3 
exhibit loss of photoreceptor outer segments and RPE, as well 
as complement accumulation similar to that seen in AMD. 
These transgenic mice also have migration and proliferation 
of endothelial cells which may correspond to retinal 
angiomatous proliferation (RAP), a finding that has been seen 
in humans with NVAMD. Although these changes do provide 
an opportunity to study pathology relevant to both 
neovascular and non-neovascular AMD, this model is limited 
by an increased risk for retinal detachments, a finding that is 
not typical of AMD [15]. 

Cluster of differentiation 46 (CD46), also known as 
Membrane Cofactor Protein (MCP) is a regulatory protein 
that promotes inactivation of C3b and C4b. Aging Cd46’ 
mice exhibit signs of alternative complement pathway 
activation as evidenced by increased abundance of C5b-C9 in 
the RPE. Histologically, this model exhibits hypertrophy and 
vacuolization of the RPE, as well as_ increased 
autofluorescence and auto-phagocytosis in the RPE. Other 
phenotypic abnormalities of this model include sub-RPE 
deposits, thickening of BrM, reduction of choriocapillary 
lumen and fenestrations, and reduction of nuclei in the retinal 
outer nuclear layer (ONL). A model with low VEGF 
expression and no neovascularization, Cd46“ mice may be a 
preferred option for studying non-exudative AMD in 
particular [17]. 

Another strategy in studying multifactorial diseases such as 
AMD has been the development of systems genetics. The 


BXD family of mice consists of over 150 recombinant inbred 
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strains, originally developed from crossing C57BL/6J and 
DBA/2J founder mice, that has been a powerful tool in vision 
research [18]. The BXD family offers a relatively high 
diversity of phenotypes; when utilized for AMD research, 
combinations of haplotypes in AMD-related genes similar to 
those found in humans is being used to develop a more 
accurate mouse model of the disease. Genes that lead to 
altered protein function similar to the human pathophysiology 
can be combined, offering a unique tool to discover additional 
genes that may play a role in the disease, and to allow for 
clarification of gene-environment and gene-gene interactions 
that could be relevant for understanding and developing 
interventions of the disease [18]. 

Retinitis pigmentosa has been recapitulated by a variety of 
animal models. Royal College of Surgeons (RCS”) Rats is a 
classic model of recessively inherited retinal degeneration in 
which a mutation in the receptor tyrosine kinase gene Mertk 
results in photoreceptor death [19]. These mice display 
similar OCT findings compared to RP patients with 
autosomal recessive deletions in exon 8 of Mertk [20]. 
Phosphodiesterase 6 (PDE6), an enzyme involved in the 
phototransduction cascade, has also been manipulated to 
create a model of RP. For example, in mice with R560C [21] 
and Y347X [22] mutations in the beta subunit of PDE6, 
photoreceptors become locked in a depolarized state due to 
the lack of functional PDE6, which would usually cause 
closure of cGMP-gated cation channels causing 
hyperpolarization and slowing glutamate release at the 
synapse [23]. 

Many animal models of RP are based on mutations in the 
rhodopsin (RHO) gene. Rho” mice do not express rhodopsin, 
prohibiting the development of the outer segment and 
resulting in non-apoptotic photoreceptor cell death [24-25]. 
Transgenic mice with a P23H point mutation in RHO are 
considered a useful model of autosomal dominant RP [26]. 
This point mutation results in misfolded rhodopsin and 
subsequent accumulation and destruction of the molecule in 
the endoplasmic reticulum [12, 26]. An S334X mutation in 
rhodopsin results in termination of the molecule without its 
C-terminal trafficking signal [26]. This abnormality results in 


mislocalization and aggregation of the mutant rhodopsin in 


the inner segmental, nuclear, and axonal plasma membranes; 





eventually, the aggregated proteins exceed the capacity of 
photoreceptors and trigger either caspase-dependent 
apoptosis or non-apoptotic cell death [12,27]. The human 
Q344X rhodopsin knock-in mouse, as mentioned briefly 
above, is associated with a rapidly progressive disease course. 
The Q344X mouse exhibits phenotypes expected in RP, 
including retinal vasculature attenuation and bone spicule 
pigmentation. This model also shows increased 
proinflammatory activity including microglial phagocytosis 
of viable, non-apoptotic photoreceptor cells, as well as 
upregulation of proinflammatory cytokines and pathways, 
making the Q344X mouse a possible tool in the preclinical 
evaluation of anti-inflammatory therapies for RP [28]. 


Routes of Therapeutic Administration: 


Bypassing Ocular Immune Privilege 

The eye is shielded from deleterious effects of inflammation, 
in part by the blood-aqueous and blood-retina barriers [29]. 
This relative sequestration of the eye from the body, while 
providing protection of visual function, proves a challenge in 
the development and administration of therapeutics for ocular 
pathologies, especially those of the posterior segment of the 
eye [30]. Generally, drugs for ocular pathology may be given 
systemically, applied topically, intravitreally, 
subconjunctivally, subretinally, or suprachoroidally injected, 
or delivered via sustained-release implants [31]. Orally 
administered drugs have limited ability to access ocular 
tissues due to the blood-aqueous and blood-retina barriers, 
and as such, the doses that are required to attain a clinical 
advantage often cause off-target effects [32]. Topical 
administration is a noninvasive option that has been useful in 
the treatment of anterior segment pathologies but has 
historically not been an efficient method for drug delivery to 
the posterior segment of the eye [31]. A drug applied to the 
surface of the cornea must first permeate the corneal 
epithelial cells, which exhibit tight junctions between 
adjacent cells [33]. In addition, an ideal drug candidate must 
be amphipathic in order to penetrate both the lipophilic 
corneal epithelial layer and the hydrophilic corneal stroma 
[33]. One relatively new addition to our arsenal of 


therapeutics is the development of drug-eluting contact 
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segment diseases by increasing the corneal contact time [34]. 
Historically, therapy for posterior segment diseases has 
mainly depended on intravitreal injections and implants. Of 
course, due to the more invasive nature of these compared to 
topical therapy, various other technologies and developments 
are being explored. One way in which permeability of 
ophthalmic solutions has been advanced is through the 
development of corneal penetration enhancers and drug 
delivery systems that enhance bioavailability. Penetration 
enhancers are formulations with the ability to transiently 
modify the structure of the epithelial cells so that drugs can 
enter either through the cell membranes or via a paracellular 
route [32]. Colloidal drug delivery systems typically consist 
of a penetration enhancer in addition to a bioadhesive 
component; this allows for increased bioavailability due to an 
extended drug-corneal contact time [35]. Drug delivery 
systems using microemulsion technology have demonstrated 
the ability to transport drugs with more efficacy across the 
corneal barrier, even when applied to drugs with inherently 
poor corneal permeability; innovations such as these aim to 
produce topical treatment options for posterior segment 
diseases [36]. 

Iontophoresis, a delivery method utilizing low intensity 
electric charges to briefly disrupt the ocular barrier, is another 
option to maximize therapy [37]. For anterior segment 
pathology, trans-corneal iontophoresis is effective, but for 
posterior segment pathology, the trans-scleral pathway offers 


more effective drug transportation [37]. 
Current Treatments for NVAMD 


In NVAMD, the mainstay of treatment has been to target 
vascular endothelial growth factor (VEGF), a strong inducer 
of neovascularization [38]. Intravitreal ranibizumab is a 
recombinant, humanized, monoclonal antibody F, fragment 
that targets VEGF-A and has been shown to prevent vision 
loss and improve visual acuity in patients with NVAMD [39]. 
Bevacizumab is another VEGF-inhibitor that, despite lacking 
FDA approval for the treatment of AMD, is similarly 
effective and far less expensive than ranibizumab as an off- 
label treatment in the United States [40]. Although effective, 
the frequency of injections (typically once per month) needed 


to achieve these outcomes has proven to be a challenge for 


~ Ofte treatment that was round to 
allow a modest improvement in this issue is intravitreal 
aflibercept, which instead of requiring doses once every four 
weeks, could be given once every 8 weeks [42]. In an attempt 
to further decrease the treatment burden for patients, the Port 
Delivery System with ranibizumab was developed, which is 
an implantable, long-acting drug delivery system that was 
shown to have similar effects of once monthly intravitreal 
injections while decreasing the need for frequent treatments 
[43]. A more selective therapeutic option is pegaptanib, a 
VEGF-A165 inhibitor that spares other VEGF isoforms that 
may be implicated in other physiologic pathways [44]. For 
example, VEGFj20 has been found to exert neuroprotective 
effects on retinal ganglion cells in the setting of ischemic 
injury, making a more specific VEGF inhibitor a goal of drug 
therapy [45]. The newest FDA-approved therapy for 
NVAMD is brolucizumab, a single-chain antibody fragment 
targeting VEGF-A that was found to be noninferior to 
aflibercept, but is not commonly used due to recent concerns 
regarding the safety [46]. Unfortunately, response to anti- 
VEGF therapy is far from guaranteed, with anywhere from 
10-22 % of patients having no improvement in symptom 
progression, and an additional 12 % of patients who develop 
tachyphylaxis to the drug class [47-48]. Therefore, additional 
management options need to be developed for patients with 
NVAMD. 
Doxycycline, an antibiotic known to have anti-inflammatory 
effects at low doses, has been found in animal studies to have 
antiangiogenic effects via inhibition of M2 macrophage 
induction [49], as well as promotion of antiangiogenic 
pigment epithelium-derived factor (PEDF), resulting in 
reduced neovascularization [50]. Anti-inflammatory effects 
of doxycycline also include inhibition of hydrogen peroxide- 
induced oxidative stress and _ reduction of matrix 
metalloproteinases (MMPs), especially MMP-2 [51]. In a 
case series, patients with NVAMD were treated with oral 
doxycycline in addition to intraocular bevacizumab injections 
[52]. Patients who received oral doxycycline over the course 
of 4 months had similar treatment outcomes (lower incidence 
of intraretinal fluid or leakage, new macular hemorrhage, and 
reduction of visual acuity) compared to those receiving only 


bevacizumab with the doxycycline group requiring fewer 
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bevacizumab injections [52]. Doxycycline is being further 
investigated as an MMP-9 inhibitor in patients with NVAMD 
who are incomplete or non-responders to intravitreal anti- 
VEGF therapy (NCT04504123). Use of oral doxycycline in 
addition to traditional anti-VEGF therapy could reduce 


treatment burden if confirmed in larger, more robust studies. 


Current Treatments for Non-Neovascular 


“Dry” AMD 


Although approximately 90 % of patients with AMD have 
“dry” AMD, there are not currently any FDA approved 
treatments [53]. Smoking cessation and blood pressure 
control are standard of care and may decrease risk or rate of 
disease progression for patients with AMD [54]. Oral 
antioxidant supplements (antioxidant vitamins C, E, beta 
carotene, and zinc) have been considered as a preventative 
therapy for patients with high-risk characteristics to develop 
AMD, with some data supporting that these provide a 
decreased risk of progression to advanced AMD [54,55]. 
However, these supplements appear to offer more benefit in 
reducing progression only to exudative AMD and may have 
no effect on decreasing the risk of development of GA or 
slowing the rate of GA lesion progression [56]. Further, the 
use of antioxidant supplements is not without potential harm. 
Genetic variation may be responsible for some 
inconsistencies in response to vitamin and antioxidant 
supplement prophylaxis, with some patients actually 
experiencing an increased rate of progression to NVAMD 
after treatment [57], while patients with vascular disease or 
diabetes mellitus may develop an increased risk of heart 
failure due to vitamin E supplementation [58]. In light of the 
considerable overlap of aging individuals with high risk for 
both AMD and cardiovascular disease, this may not be 
beneficial for many patients. 


Investigational Therapies for Non-Neovascular 
“Dry” AMD 


Eculizumab, a C5 inhibitor originally used in the treatment of 
paroxysmal nocturnal hemoglobinuria, was the first FDA 
approved drug to target a component of the complement 
system [59]. The development and success of this drug in 


abrogating complement pathway activation downstream of 


CSa and C5b has led to a gradual increase in the development 





of therapies against a wider array of complement pathway 
targets [60]. In the setting of AMD, eculizumab was 
evaluated in the COMPLETE study (NCT00935883), which 
found that intravenous infusions of eculizumab did not 
significantly reduce the progression of GA or reduce drusen 
[61]. The authors suggest that intravitreal, rather than 
intravenous administration of the drug, may have produced a 
clinical effect, as drug levels from systemic administration, 
while likely adequate to penetrate the choroid, are less likely 
to have been able to penetrate the retina or the RPE 
(NCT00935883). 

LFG316 is an anti-C5 humanized IgG; antibody with a 
modified F, region to dampen immunogenicity [62]. A phase 
I clinical trial (NCT01255462) showed no significant safety 
concerns associated with intravitreal injection of LFG316 in 
patients with advanced NVAMD and/or GA. A phase II 
clinical trial (NCT01527500) failed to show any benefit from 
treatment with this drug. Another drug that has been 
investigated is CLGS561, a fully human antibody that 
neutralizes properdin, a positive regulator of the alternative 
pathway. A subsequent phase II study (NCT02515942) 
investigated treatment of advanced AMD with CLGS561 as a 
lone treatment as well as in combination with LFG316. 
However, this study also showed no benefit of either 
treatment group. 

Lampalizumab, a humanized IgG anti-complement factor D 
antibody fragment, was the first complement-targeting 
therapy specifically for GA. Complement factor D is a serine 
protease that was targeted for the treatment of atrophic AMD 
due to its role in the alternative complement pathway. 
Lampalizumab initially showed promising results in the 
phase II MAHALO study (NCT02288559), where it was 
found to reduce GA lesion growth by 20 % in patients treated 
with monthly intravitreal injections compared to those 
receiving monthly sham injections. The MAHALO study also 
assessed the efficacy of lampalizumab in eyes with outer 
retinal tubulation (ORT) compared to eyes without ORT. The 
study showed that GA lesions, measured by OCT, appeared 
to enlarge at a slower rate in eyes with preexisting ORT 


compared to eyes without, implying that further studies to 





www.acquirepublications.org/JORVC 


Journal of Ophthalmic Research and Vision Care 


assess efficacy of GA may need to account for the presence 
of ORT [63]. However, two parallel phase III studies, 
SPECTRI (NCT02247531) and CHROMA (NCT02247479), 
were performed to further evaluate the safety and efficacy of 
lampalizumab in treating or slowing the progression of GA, 
and they were both terminated early due to lack of efficacy. 
Compstatins are cyclic peptides that inhibit C3 activation at 
the convergence point of all three complement pathways by 
binding to both C3 and C3b. POT-4 is a second-generation 
intravitreal compstatin that was evaluated for AMD 
treatment, and early results showed that the drug was safe and 
well-tolerated (NCT00473928); however, the phase II trial 
(NCT01603043) did not show benefit compared to sham, and 
there was concern for vitreal deposits of the drug secondary 
to administration. Subsequently, pegcetacoplan (APL-2), a 
reformulation of POT-4, was developed. This is a pegylated 
compstatin that showed promising results in the FILLY phase 
II trial; there was a dose dependent reduction in the 
progression of GA in patients treated with the drug compared 
to sham treatments [64]. Currently, phase III clinical trials, 
including DERBY (NCT03525613) and OAKS 
(NCT03525600), are evaluating the efficacy of intravitreal 
APL-2 for prevention of geographic atrophy secondary to dry 
AMD, with the primary outcome measure being the change 
in GA lesions from baseline to 12 months measured by fundus 
autofluorescence (FAF). Both studies anticipate a completion 
date of January 30, 2023. 

In the GATHERI phase 2/3 study, the anti-C5 aptamer 
avacincaptad pegol/ARC1905 (Zimura) also significantly 
reduced the growth of GA [65]. The GATHER study only 
enrolled patients with non-foveal GA secondary to AMD; the 
goal of excluding patients with foveal involvement was to 
assess the benefits of Zimura in slowing progression of the 
relatively more rapidly evolving lesions in sub-foveal GA 
patients, who were more likely to have good vision at baseline 
[65]. The GATHER2 phase III clinical trial is currently 
underway, with an estimated study completion date of July 
2023 (NCT04435366). 

Another potential complement-targeting treatment consists of 
a B4 single chain antibody (scFv) linked to a fragment of 


factor H (fH), an inhibitor of complement activation [66]. B4- 


scFv-fH, expressed in microencapsulated ARPE-19 cells, has 





been tested in a mouse model of retinal degeneration. When 
injected intravitreally, the ARPE-19 cells secreted the b4- 
scFv-fH, which resulted in decreased size of CNV lesions in 
a mouse model. The same drug, administered subcutaneously, 
also mediated reductions of retinal damage in a mouse model 
of smoke-induced ocular pathology (SIOP) [66]. Further, 
complement inhibition, in the form of the alternative pathway 
inhibitor CR2-fH, has been shown to not only prevent further 
cigarette smoke induced complement activation, but also to 
reverse previous smoke-induced damage in ocular disease in 
mouse models [67]. 

Corticosteroids have strong anti-inflammatory effects and 
inhibit activation at several distinct points in the immune 
system, reducing complement activation and levels of several 
cytokines implicated in the pathogenesis of AMD [68-70]. As 
such, steroids might pose an attractive therapeutic target for 
AMD. Iluvien is an intraocular implant that was designed to 
secrete fluocinolone acetate for the treatment of noninfectious 
posterior segment inflammatory diseases [71]. This drug is 
effective in the treatment of diabetic macular edema due to its 
inhibitory effects on many inflammatory processes including 
edema, fibrin deposition, capillary dilation, angiogenesis, 
deposition of collagen, and associated scar formation [71]. 
However, a phase II study (NCT00695318) to evaluate 
Tluvien in the treatment of GA was terminated with no 
apparent beneficial reduction in the GA lesions. 
Doxycycline, mentioned earlier in the treatment of NVAMD, 
has also been evaluated for GA treatment. The TOGA study 
is a phase II/II study (NCTO1782989); although it was 
completed, no results have yet been posted. 
Receptor-interacting serine/threonine-protein kinase 1 
(RIPK1), a mediator of cell death that can be recruited by 
TNFa activation, is being investigated as a therapeutic target 
for many neurodegenerative and inflammatory diseases, 
including dry AMD [72]. RIPK1-inhibitory compound (RIC) 
was used as an ophthalmic solution in rats subsequently 
exposed to sodium iodate, a substance linked to the 
pathogenesis of dry AMD [73]. The study found that RIC was 
able to penetrate to the RPE and exerted a protective effect in 


a model of retinal degeneration [73]. 
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Emixustat hydrochloride (ACU-4429) is a visual cycle 
modulator which has been evaluated in the treatment of 
nonexudative AMD. In animal studies, this small molecule 
drug has been shown to reversibly inhibit RPE65, which, in 
theory, could decrease visual chromophore biosynthesis and 
subsequent accumulation of toxic retinoid byproducts [74]. 
The drug had promising results in phase I and phase II studies 
[75-76], but it did not significantly reduce the rate of growth 
of GA lesions in a phase 2b/3 clinical trial [77]. 

Preliminary data in a small group of patients found that 
treatment with subcutaneous glatiramer acetate (Copoxane) 
has been found to reduce drusen area [78]. However, the 
study that supplied these results (NCT00541333) has since 
been suspended. Glatiramer acetate, an FDA-approved 
treatment for multiple sclerosis, is a drug with a poorly 
understood mechanism of action. In vitro studies have 
suggested that glatiramer acetate enhances phagocytosis, but 
only in a subset of monocytes [79]. The process of aging itself 
has been associated with dysregulated monocytes and 


impaired phagocytosis [80], and monocytes isolated from 


STIMULATION OF 
INFLAMMATION/NEURODEGERATION 













Inffsmmasome 


M1»phenotype 


»phenotype 
IL4R 


Activated microglia 


Activated microglia 


SUPPRESSION OF INFLAMMATION 


patients with AMD have been shown to have altered gene 





expression [81]. Perhaps the prophagocytic effects of 
glatiramer acetate may be able to compensate for immune 
dysregulation seen in AMD phenotypes. Additional research 
is needed to provide more substantial evidence for the use of 


this drug in AMD. 


Inflammatory Targets of Non-Neovascular 


“Dry” AMD Therapies 


In an effort to address the significant need of more effective 
treatments and prevention for this disabling disease, several 
clinical trials are evaluating therapies that target various 
pathways implicated in the progression of AMD, including 
therapies targeting inflammatory cytokines such as IL-6, IL- 
8, and TNFa, and targeting factors of the complement system 
such as C3, C5, and complement factor D [53,60,62,82]. The 
sources of these inflammatory cytokines are often microglia 
but can also be other cell types including the other glial cells 
of the retina (Figure 1, [84]), thus some therapies are actively 


working to lower microglial numbers or activity [84]. 
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Figure 1. Functional cell-cell interactions in retina responsible for stimulating and suppressing inflammation. Schematic 


representation of glia-photoreceptor interactions in the retina. Three basic types of glial cell in the retina are shown: Miiller cells, astroglia, 
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Microglia, the resident immune cells, are responsible for initiating an inflammatory response. Microglia activation in the degenerating 
retina is triggered by different DAMPs, though DAMP receptors (TLRs) are also present on Miiller cells allowing for proinflammatory 
activation in these cells as well. Although some trigger molecules which activate microglia are predicted to be released from injured cells, 
e.g., ATP, other molecules have not yet been identified. Activated microglia are capable of acquiring diverse phenotypes that display 
different cell-surface and intracellular markers, secrete different factors, and exhibit different functions. Two extreme microglial 
phenotypes are shown: the classically activated (M1) phenotype that promotes a pro-inflammatory response, and the alternatively activated 
(M2) phenotype that facilitates an anti-inflammatory response. Microglia can control their own polarization through autocrine and paracrine 
mechanisms. M1-polarized microglial phenotype is promoted by several cytokines, including TNFa, IL-1B and IL-18. On the other hand, 
microglia can be driven to M2 phenotype by stimuli like IL-4, IL-13, IL-10, TGFB, and CX3CL1. Microglia, using receptors and signals, 


are in constant communication with neurons and other retinal cells. In pathological conditions this tight communication between cells 


mediate adaptive responses within the retina. Adapted from Appelbaum, Santana, and Aguirre 2017. 


The complement system is a vital component of innate and 
adaptive immunity that protects the host from foreign 
pathogens. The three complement pathways are the classical, 
lectin, and alternative pathways [86]. The complement 
system plays a vital role in host homeostasis and protection 
through opsonization of foreign materials, production of 
anaphylatoxins to recruit immune cells, and the formation of 
a membrane attack complex (MAC) to lyse targeted cells 
[86]. However, chronic overactivation of the complement 
system has been implicated in the pathogenesis of a myriad 
of conditions, including autoimmune and inflammatory 
diseases and  neurodegenerative diseases [87,88]. 
Complement has been demonstrated many times to be linked 
to the development of retinal degenerative disease, with 
several reports that the alternative pathway is especially 
implicated. A significant predisposition to develop AMD has 
been linked to genetic markers that are involved in the 
alternative pathway, such as the Y402H variant of the 
complement factor H (CFH) gene [89,90]. While AMD has 
been traditionally thought of as a disease limited to the 
macula, studies show evidence of systemic complement 
activation in these patients, which may allow for monitoring 
of AMD activity or progression using systemic disease 
markers [89]. 

Inflammasomes are complexes of proteins that are activated 
in the setting of inflammation in response to pathogen- 
associated molecular patterns (PAMPs) and damage- 
associated molecular pathogens (DAMPs). Inflammasomes 
promote activation of inflammatory enzymes such as 


caspase-1 and secretion of cytokines including interleukin-1B 


(IL-1), interleukin-18 (IL-18) and interleukin-6 (IL-6) [91]. 
The NOD-, LRR-, and pyrin-domain containing protein 3 
(NLRP3) inflammasome is an oligomeric complex that has 
been implicated in the pathophysiology of AMD, as well as 
several other inflammatory processes including host 
responses to viral infections, autoimmune diseases, and 
atherosclerosis [92]. 

Additionally, there have been studies to determine the 
significance of mitochondrial dysfunction, oxidative damage, 
and the accumulation of toxic metabolic by-products in the 
pathogenesis of AMD [62]. RPE are highly susceptible to 
oxidative stress, and the retina has the highest consumption 
of oxygen per gram of any tissue [93]. Reactive oxygen 
species (ROS) such as hydrogen peroxide, hydroxyl free 
radicals, and hydroperoxyl free radicals, are created 
abundantly in the environment of the RPE due its highly 
active metabolism as well as from exposure to UV radiation 
[94] . While ROS have historically been implicated in 
harmful effects of aging and pathophysiology of various 
diseases, they also are known to play a role in physiologic 
processes crucial to normal function. ROS are an important 
part of signaling pathways that allow for regulation of the 
innate immune response. For example, ROS are produced in 
response to activation of toll-like receptor-4 (TLR4) by LPS, 
which then leads to increased production of proinflammatory 
cytokines TNFa and MIP2, increased nuclear accumulation 
of NF-«B, and enhanced degradation of the anti- 
inflammatory IkB-alpha [95]. ROS also induce the expression 
of antioxidants such as the basic leucine zipper protein NRF2, 


thus allowing for feedback inhibition [96]. 
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As a normal part of aging, RPE mitochondria become less 
abundant and smaller in size, andthe RPE cells begin to 
produce more waste products, such as lipofuscin [97]. In the 
setting of AMD, the antioxidant capacity of the retina can be 
overcome by excessive ROS secondary to one or more risk 
factors from AMD, such as smoking, a known promotor of 
excessive oxidative stress. 

TNFa, a proinflammatory cytokine, is implicated in many 
inflammatory pathologies, including AMD. One of the 
mechanisms of TNFa is up-regulation of gene expression and 
subsequent activity of intercellular adhesion molecule-1 
(ICAM-1), which is typically mediated through binding of 
TNFa to TNF receptor-1 (TNFR1) [98]. This is accomplished 
via intracellular signaling pathways, in which TNFRI 
complexes with TRAF2, activating downstream effectors 
such as PKC6, JNK1/2, and c-Jun, eventually resulting in 
ICAM-1 expression [98]. ICAM-1, also known as CD54, is a 
cell-surface glycoprotein typically expressed on endothelial 
cells that has a well-known role in leukocyte transmigration 
as it binds to lymphocyte-associated antigen-1 (LFA-1) [99]. 
Through this process, TNFa leads to increased aggregation of 
leukocytes in various tissues, including the RPE in the setting 
of AMD [98]. 

Current Treatments for RP 


Historically, patients with inherited retinal degeneration 
could expect to have permanent, progressive, and untreatable 
vision impairment. Unfortunately, development of effective 
treatment strategies of this group of disorders has been 
challenging due to the genetic, allelic, phenotypic, and 
clinical heterogeneity of RP [11]. 

While vitamin therapy and dietary modification are not 
effective treatment strategies for many, they do play a role in 
treatment for patients with one of a few rare forms of RP-like 
IRDs: abetalipoproteinemia (Bassen-Kornzweig syndrome), 
homozygous hypobetalipoproteinemia, phytanic acid oxidase 
deficiency (Refsum disease), and alpha-tocopherol transport 
protein deficiency [100,101]. Abetalipoproteinemia and 
hypobetalipoproteinemia, two genetic disorders characterized 
by impaired intestinal absorption of lipids, have an RP-like 


retinal degeneration as one manifestation [102]. Correction of 


the causative vitamin A and E deficiencies early in the disease 





course may slow progression of retinal degeneration 

More recently, investigation of various genetic targets has 
yielded encouraging results, with the emergence the first 
FDA approved gene therapy for RPE65-mediated IRD [103]. 
RPE65 is one of many genes implicated in autosomal 
recessive RP, as well as other IRDs such as Leber’s 
congenital amarousis (LCA) [104]. The RPE6S5 gene, located 
on chromosome 1, encodes the retinal pigment epithelium- 
specific 65kDa protein (RPE65) [105]. In the classical RPE- 
based visual cycle, RPE65 is an  isomerohydrolase, 
converting all-trans retinol back to the 11-cis configuration 
after photon absorption [105]. A lack of RPE65 leads to the 
accumulation of its substrates and depletion of 11-cis-retinol 
in the RPE [105]. In the setting of biallelic RPE65 mutations, 
gene replacement with subretinal injections of Voretigene 
Neparvovec, a recombinant adeno-associated virus (AAV) 
vector bearing the correct gene for RPE65 has been able to 
surpass this blockade of the visual cycle and improve visual 
function in humans [103]. 

In addition to gene therapy, inflammation and _anti- 
inflammatory treatments are an active field of RP research. 
Analyses of inflammatory gene expression and cytokine 
levels, especially microglia-expressed IL-18 and NLRP-3 
inflammasome activation in animal models of retinal 
degeneration, have suggested the utility of inflammatory 
modulation [28,69,83]. In fact, one difference found between 
an early-onset model of RP and a late-onset model is that pro- 
inflammatory genes were actively expressed for a much 
longer period before the disease phenotype presented itself in 
the late-onset model, possibly because anti-inflammatory 
responses were able to compensate during this extended 
period [83]. These results imply that anti-inflammatory 
treatment could prevent, or at minimum delay, progression to 
blindness in those affected. 

One potential anti-inflammatory therapy for RP is 
upadacitinib (UPA), a JAK inhibitor approved for the 
treatment of rheumatoid arthritis. This drug has been shown 
to block proinflammatory signaling in cultured retinal cells 
that is consistent with inflammation upregulated in RP [28]. 


Another study shows that dexamethasone used in a mouse 





www.acquirepublications.org/JORVC 


Journal of Ophthalmic Research and Vision Care 


model of RP caused downregulation of retinal inflammation 
and partial retention of retinal photoreceptor function [106]. 
These results imply the existence of several opportunities to 
evaluate existing anti-inflammatory and immune modulating 
therapies for the treatment of patients with RP. 
Concluding Remarks 

Various components of the immune system have been found 
to significantly contribute to the pathogenesis of retinal 
degenerative diseases such as AMD and RP. The abundance 
of existing anti-inflammatory medications, a large and varied 
group of therapies, is certainly an advantage of this line of 
investigation. Regardless of the etiology of the disease, 
inflammatory blockade or modulation could have substantial 
impact on quality of life for patients with progressive retinal 
disease by prolonging their sight for years, or even until more 
permanent therapies become available. Further evaluation of 
appropriate drug choices, delivery methods, and dosing 
regimens will be necessary to eventually secure safe, 
minimally invasive, and efficacious treatment options for a 
wide range of patients with vision-threatening retinal 
pathology. 
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